Although remarkable progress has been made on biomaterial research, the ideal biomaterial that satisfies all the technical requirements and biological functions is not available up to now. Surface modification seems to be a more economic and efficient way to adjust existing conventional biomaterials to meet the current and ever-evolving clinical needs. From an industrial perspective, plasma immersion ion implantation and deposition (PIII&D) is an attractive method for biomaterials owing to its capability of treating objects with irregular shapes, as well as the control of coating composition. It is well acknowledged that the physico-chemical characteristics of biomaterials are the decisive factors greatly affecting the biological responses of biomaterials including bioactivity, haemocompatibility and antibacterial activity. Here, we mainly review the recent advances in surface modification of biomaterials via PIII&D technology, especially titanium alloys and polymers used for orthopaedic, dental and cardiovascular implants. Moreover, the variations of biological performances depending on the physico-chemical properties of modified biomaterials will be discussed.
INTRODUCTION
The development of biomaterials has been an evolving process [1] [2] [3] . Over the past few decades, the field of biomaterials began to shift in emphasis from achieving a bioinert tissue response to instead stimulating specific cellular responses at the molecular level [3] . This new generation of biomaterials, also called thirdgeneration biomaterials, are proposed and expected to direct cell responses in a predictable manner by regulating material characteristics [3 -5] . The deeper understanding of peri-implant -tissue interactions created opportunities for material scientists to achieve specific biological responses by designing and adjusting material properties.
It has long been recognized that an ideal biomaterial should possess mechanical properties matched with injured tissues for stress-strain balance, establish strong chemical bondings at the biomaterials-tissues interface to ensure implant anchorage and exhibit high antibacterial activities to prevent bacterial infection during implant surgery [6] [7] [8] [9] [10] . For cardiovascular biomaterials, they also should possess excellent haemocompatibility to inhibit thrombus formation [11] . All of these desirable properties of biomaterials are closely related to overall implant efficacy and can be regulated and tuned by physico-chemical characteristics of biomaterials, such as bulk and surface properties [12, 13] . The bulk properties of biomaterials, especially mechanical properties, should mimic the injured tissues replaced to bear mechanical load. The most significant surface properties of biomaterials, including chemical composition, microstructure, roughness and hydrophilicity or hydrophobicity, have been extensively studied and proved to be capable of directing cellular responses [14] [15] [16] [17] . When immersed in a given medium, effective surface charge, stability and released ions are also important features affecting in vitro and in vivo biological performances [18, 19] .
Although considerable progress has been made to improve the biological responses of biomaterials, *Author for correspondence (xyliu@mail.sic.ac.cn).
One contribution of 11 to a Theme Issue 'Biomaterials research in China'. long-term clinical success has still not been achieved. Because developing new biomaterials is costly and timeconsuming, selectively modifying existing conventional biomaterials is a more economic and efficient way to meet particular needs. Surface modification can be carried out by a lot of methods usually classified as mechanical machining, chemical and physical treatments. Plasma-surface modification techniques such as plasma spray, plasma polymerization and plasma immersion ion implantation & deposition (PIII&D), which are proven to be economic and effective, have already been widely applied in the modification of semiconductors and biomedical industry. The unique advantage of plasma modification over the other methods is the ability of selectively enhancing surface properties (approx. several hundred nanometres), whereas the bulk contributions remain unchanged [20] [21] [22] [23] . Among the various plasmabased techniques, PIII&D is a versatile technique that can conduct multiple processes, such as simultaneous and consecutive implantation, deposition and etching owing to it combining the advantages of conventional plasma and ion beam technologies. Another major advantage of PIII&D is the omnidirectional processing capability to tailor the surface properties of many biomaterials, including metals, ceramics and polymers, by introducing a myriad of different kinds of elements and functional groups into the materials with complex shapes [24, 25] . PIII&D technique is usually applied in areas such as microelectronics, aerospace engineering and precision manufacturing. In the past 10 years, applications of PIII&D technique in biomedical implant modification have attracted increasing interest because of its controllability and versatility [26] [27] [28] [29] [30] [31] [32] .
In this study, recent outstanding work on applying PIII&D technique to improve mechanical, chemical and biological properties such as bioactivity, haemocompatibility and antibacterial activity of biomaterials is reviewed. In addition, original opinions will be emphasized and discussed.
CONCEPTS AND FUNDAMENTALS OF PLASMA IMMERSION ION IMPLANTATION AND DEPOSITION
Plasma is the fourth state of matter. Under certain conditions, a solid substrate decomposes into freely moving charged particles and enters the plasma state. Thus, the plasma can be considered as a collection of electrons, single-or multi-charged positive or negative ions accompanied by neutral atoms, excited particles, electromagnetic radiation, molecules and some molecular fragments. In plasma, the densities of excited particles, ions and electrons as well as the intensity of the electromagnetic radiation far exceed those that are found in more mundane situations encountered elsewhere [33] .
The most important feature of plasma is that the positive-and negative-charged particles are in a state of charge equilibrium, and the sum of the positive and negative charges in a sufficiently large volume is equal to zero. In fact, plasma technology is a dry, green and economic technique in a variety of applications.
To produce plasma, electron separation from atoms or molecules in the gas state, or ionization, is required. In most practical situations, the plasma is produced by an electrical discharge. Generally, a PIII&D system comprises a vacuum chamber with a workpiece stage, plasma source and high-voltage pulse modulator. During the PIII&D processing, a workpiece is immersed in plasma under a high bias voltage, which repels electrons away from the workpiece while driving the positive ions of the plasma toward it, creating a plasma sheath around the workpiece. The plasma sheath plays an important role in PIII&D because it dictates the implantation process and can be used to predict process parameters and results, including the implantation current, implantation dose and impurities profile. Positive ions will be accelerated by the electric field and implanted vertically into the negative potential surfaces, as illustrated in figure 1. As the workpiece is covered by the plasma sheath, PIII&D can be used in processing devices with complex shapes. However, when a high negative potential is applied to insulating samples, the surface potential of insulators may not reach the full applied bias potential owing to the dielectric surface charging effect, leading to an irregular plasma sheath. The charging effects will be mainly determined by pulse duration, pulse frequency, dielectric coefficient and thickness of samples. Moreover, for insulators, the deformation caused by heat formation generated by ion collision in the process of PIII&D is much more severe than for conductors owing to the poor thermal conductivity, which is a critical problem limiting the modification of polymers.
The fundamental difference between PIII&D and conventional 'line of sight' ion implantation is that, in PIII&D, the workpiece is directly placed in the plasma and biased to high negative voltage as an active part of the system, while the workpiece is isolated from the ion beam generation in conventional ion implantation process. So from the industrial view, PIII&D is more attractive because of the low cost and capability of modifying complicated shapes. Since PIII&D was first introduced in the 1980s, many applications have already been developed. Modifications on many metals such as titanium and titanium alloys, magnesium alloys and aluminium as well as polymers have been carried out to enhance the mechanical properties, bioactivity, biocompatibility, blood compatibility and antibacterial activity. These investigations will be fully reviewed and discussed in the following.
MECHANICAL AND CHEMICAL PROPERTIES OF PLASMA IMMERSION ION IMPLANTATION AND DEPOSITION-TREATED BIOMATERIALS
Today, most biomedical devices available in the marketplace are made from titanium and its alloys, stainless steel, polymers and ceramics. Although considerable advances have already been made in improving the biological performances of these biomaterials, the ideal long-term stability is still not achieved. The PIII&D technique is now regarded as an attractive method to enhance the physico-chemical characteristics and mechanical properties, which profoundly impact the function of a biomaterial once it is placed in a biological environment.
In this section, we mainly discuss the decisive properties, such as hardness, wear behaviour and corrosion resistance, all of which have great significance in ensuring application safety and elongating useful life of biomedical implants [34, 35] .
Mechanical properties
For longevity of hip and other joint replacements, the leading cause of implant failure is the aseptic osteolysis occurring because of a chronic inflammatory response to implant-derived wear particles. It has been reported that cells incubated with wear particles could produce cytokines that play a key role in osteoclast differentiation and activation, finally resulting in bone lysis. Moreover, the wear debris is found to accelerate the corrosion process and may cause genetic damage [36] . Recent study has proved that a graphitic layer formed on a metal-onmetal hip replacement, which reduces friction as well as wear and corrosion, indicating a route for the design of improved implants [37] . Hence, there has been a constant attempt by material scientists to improve the wear resistance so as to minimize the loosening of implants from bone. During the past two decades, PIII&D technology has been considered as an effective and easy process to fabricate a protective coating on orthopaedic implants to delay the wear process. The wear performance of plasma-treated titanium and its alloys has been extensively investigated. Alonso et al. [38] fabricated nitrogen (N 2 )-implanted Ti-6Al-4V by PIII, and they found that the loadbearing capacity seems to depend more on the N 2 implantation dose rather than on the hardness and no obvious hardening was observed after PIII treatment. Besides, the role of oxygen (O 2 ) in N 2 -implantation was further exploited by Wan et al. [39] . They prepared TiN-and Ti-O/TiN-gradient films into Ti-6Al-4V by single implantation of N 2 and sequentially dual ion implantation of N 2 /O 2 , respectively. The results show that Ti-O/TiN-coated sample gave the best wear performance compared with the untreated and TiN-coated samples. Besides N 2 and O 2 , hydrogen (H 2 ) and methane also have been employed to improve the wear resistance of orthopaedic implants [40, 41] .
When it comes to polymers, much more severe situations may occur. Some polymers have been the principal materials for joint replacement prostheses, such as ultra-high molecular weight polyethylene (UHMWPE) and poly(ether ether ketone) (PEEK). It is suggested that hardness and elastic modulus are the two primary material properties that define wear resistance [42] . These properties of UHMWPE and PEEK have been shown to be improved using PIII&D. In the process of PIII, energetic ions transfer energy to the substrate as they collide with the atoms of the material, which will cause the alteration of polymer structure in the near-surface region. The hardness and elastic modulus of treated polymer surfaces are increased owing to the effects of densification and cross-linking. Shi et al. [43] treated UHMWPE with N 2 -PIII and found that the nanohardness and elastic modulus doubled, whereas the wear coefficients reduced by as much as three times compared with the untreated samples. Powles et al. [44] fabricated hydrogenated amorphous carbon (a-C : H) layers on PEEK using H 2 -PIII. Their result suggested that the modified a-C : H region possesses better hardness and greater elastic recovery than the unmodified material, indicating a possible improvement of wear resistance.
Compared with the gradient-modified layer fabricated during implantation process, the mismatch in hardness between deposited film and substrate remains a hidden danger that may cause the cracking of the thin hard coating owing to the deformation of the substrate (the eggshell phenomenon) and needs to be further studied. Although a variety of gaseous implantations have been proved effective in improving the mechanical properties of orthopaedic implants, all the parameters, such as ion source, pulse frequency, bias voltage, temperature and time, should be carefully selected according to the usage and composition of a specific implant device to achieve its best wear resistance. For example, the toxic ions, such as cobalt, nickel, vanadium and aluminium, which are present in titanium alloys or stainless steel could be damaging when exposed to the biological environment in the long term.
Corrosion resistance
Once implanted, corrosion occurs when a metallic implant is placed in the hostile human body via an electrochemical mechanism. Corrosion is critical because it can adversely affect the biocompatibility and mechanical properties. There is clinical evidence for the release of corrosion products (corroded particles and metal ions) from the implants, which will obviously lead to adverse biological reactions and in turn accelerate the corrosion process [45] . Therefore, creating an appropriate passive layer on biomaterial surfaces to reduce the corrosion rate and impede the corrosion products from leaching is considered to be an effective way to delay the process of corrosion. Several studies have reported on the use of PIII&D technology for surface modification of biomaterials to enhance their corrosion resistance.
Nickel-titanium (Ni-Ti) shape memory alloys are useful orthopaedic biomaterials because of their superelastic and shape memory properties. However, the problem associated with out-diffusion of harmful nickel ions in prolonged use inside the human body raises a critical safety concern. Ray et al. [46] have conducted a series of surface modifications by PIII&D technology to improve the whole corrosion resistance and impede nickel ions leaching from Ni-Ti alloys. Their studies provided a complete discussion on the factors greatly influencing anti-corrosion efficacy of barrier layers, including film quality and composition, process parameters, and post-treatment after PIII&D. In a comparison study, the anti-corrosion efficacies of oxide films produced by atmospheric-pressure oxidation (O 2 -oxidation) and oxygen-PIII (O 2 -PIII) have been investigated [47] . The potentiodynamic polarization tests and electrochemical impedance spectroscopy studies showed that the O 2 -PIII exhibited higher corrosion potential (E corr ) and breakdown potential (E b ) than both of the untreated control and O 2 -oxidation sample, indicating the best pitting corrosion resistance of O 2 -PIII sample. Although atmosphere oxidation produced a thicker oxide film, its lower corrosion resistance may be attributed to the diffuse and non-uniform oxide structure throughout its depth as well as the contaminants introduced during the oxidation process. Therefore, from the perspective of corrosion resistance, the quality of oxide film is more important than its thickness, and the introduction of energetic plasma oxygen ions could yield a more effective corrosion-resistant layer.
Recent studies found that vacuum annealing is an effective way to increase the film quality. In a related study, Ray et al. investigated the effects of different post-annealing temperatures on the anti-efficacy of N 2 -implanted Ni-Ti alloys [48, 49] . The electrochemical results showed a significant improvement in the corrosion resistance of Ni -Ti alloys modified by N 2 ion implantation followed with vacuum annealing at 4508C compared with that of N 2 -PIII sample. The X-ray photoelectron spectroscopy (XPS) analysis revealed that annealing at 4508C consolidates the N 2 atoms to a narrower and better-defined region, thus producing a more compact and dense nitride structure that could effectively impede out-diffusion of Ni in addition to offering better mechanical properties. A follow-up study was conducted to explore the corrosion resistances of Ni -Ti alloys modified by N 2 ion implantations at different pulsing frequencies, including 50, 100 and 200 Hz [50] . The 50 Hz N 2 -PIII sample exhibited better electrochemical stability at open circuit than the samples implanted at higher frequencies, because the heat produced by higher frequencies gave rise to instability of the TiN layer. Before immersion, 50 Hz N 2 -PIII sample showed a slightly higher E b that became lower than those of 100 and 200 Hz samples after 14 days immersion. This inconsistent result may be caused by greater damage to the thinner TiN layers of 50 Hz N 2 -PIII sample. Therefore, both the barrier layer quality and thickness are essential building blocks to obtain a better corrosion resistance.
There is no doubt that PIII&D technique provides an effective approach for a number of biomaterials to enhance their corrosion resistance and improve their mechanical properties at the same time.
BIOACTIVITY OF PLASMA IMMERSION ION IMPLANTATION AND DEPOSITION-TREATED BIOMATERIALS
The motivation to create bioactive surfaces for biomedical implants to control their biological functions comes from increasing clinical demands. Prosthetic loosening is the most common cause of long-term failure in hip and knee replacements [51] . To address this issue, researchers have created cell-specific materials surfaces to form strong interactions between cells and implants to improve osseointegration for long-term success.
Recently, many studies have attempted to enhance the osseointegration of implants by various surface modifications. The aim is to provide implant surfaces with biological properties for the adsorption of proteins, the adhesion and differentiation of cells, and integration of tissues. These biological properties are closely related to chemical composition, wettability and roughness of implant surfaces. Although ceramic coatings could provide excellent bioactivity, the weak bonding strength between substrates and coatings is still the biggest issue owing to the mismatched coefficients of thermal expansion. In contrast, PIII&D technology can combat this problem by forming in situ coatings onto the material surface without changing its bulk properties. Meanwhile, there is no obvious boundary between modification layers and substrates.
Over the past decade, a range of gases and nutritious elements have been introduced to aid in osseointegration by PIII&D, which will be discussed in detail in the following.
Titanium and its alloys
Titanium and its alloys are often used as biomedical implants owing to their relatively low modulus, excellent fatigue strength and formability [52] . However, their relatively poor bioactivity imposes tight limits on the long-term stability. To solve this problem, various elements have been implanted to enhance the bioactivity of biomaterial surfaces.
It is widely acknowledged that the hydroxyl groups on the outermost surface of biomaterials, such as Ti -OH, Si-OH, Zr -OH and Ta -OH, can create a negatively charged surface when soaked in simulated body fluid (SBF), thereby inducing bone-like apatite formation [53] . This apatite layer has been found to provide excellent bone-bonding ability for biomaterials in the human body. Therefore, establishing a hydroxyl layer on the Ti alloy surface is considered to be an effective strategy to enhance its bioactivity [54] . Although NaOH and heat treatment is a much easier and traditional way to form Ti -OH groups on the surface, there is a potential risk of destruction of the passive layer after chemical etching process. PIII [56] , H 2 tends to accumulate in the dislocation or defect layer produced by ion implantation. Therefore, in this experiment, the 'H 2 O-PIII first' procedure was designed to introduce near-surface damages which could trap H 2 in the subsequent implantation step so as to maintain the bioactivity on the outermost surface. In another study, Liu et al. [57] also obtained Ti -OH-functionalized titanium surface by implanting H 2 to the surface of plasma sprayed TiO 2 coating. During this PIII process, the reaction between energetic H 2 ions and outermost bridge oxygen species greatly contributed to the formation of Ti -OH bondings. And the TiO 2 coating also can be considered as a H 2 diffusion barrier. In this regard, constructing bioactive surfaces of Ti alloys with abundant Ti -OH groups can be achieved by combination of various oxygen-containing films on Ti alloy substrate with H 2 implantation.
Interestingly, Maitz et al. [58] found that sodium (Na) implantation combined with a wet processing was an alternative synthetic approach to form Ti-OH bondings on Ti surface (Na-PIII). In this experiment, the Naimplanted titanium was oxidized to form sodium titanate in boiling water, and then sodium dissolved and exchanged with protons, leading to the formation of Ti-OH groups. Although comparable bioactivities of Na-PIII and Ti-OH were observed, released sodium ions were believed to be harmful to cells for a longterm culture, leading to more pronounced cytolytic cells and obviously suppressed cellular activity after two weeks. This fact highlights the significance of choosing biocompatible metallic elements for implantation to enhance the bioactivity. Nutritious element implantation seems like a good choice for improving bioactivity of Ti and Ti alloys owing to their necessity for the human body and various biological functions, including calcium (Ca) and magnesium (Mg) [59] . Liu et al. [60] implanted Ca ions into titanium and the results showed that Ca PIII-modified titanium samples could induce significant precipitation of apatite or calcium phosphorus (CaP) composites. This might be ascribed to the high activity of Ca, which is easily oxidized to form calcium oxide, followed by adsorption of H 2 O and CO 2 to produce calcium hydroxide and calcium carbonate, as illustrated in figure  2 . At the same time, the existence of micro-galvanic couple Ti-Ca would accelerate the release of calcium ions, resulting in supersaturation of calcium ions in SBF and eventually promoting apatite precipitation.
Recently, tantalum (Ta)-based implants have attracted considerable attention owing to the low modulus of elasticity, relatively high frictional characteristics, less peri-implant stress shielding and excellent corrosion resistance of Ta. However, its wide applications in load-bearing implants have been limited because of its high density and price. One simple solution is coating Ta film on Ti surface by the PIII&D method. The fabrication of Ta PIII&D and subsequent in vitro cell biological responses as well as in vivo animal tests are in progress in our group. Apart from the elements we mentioned, other bioactive and biocompatible elements, such as zinc, boron and strontium, have great potential in improving the bioactivity, which needs to be further explored.
Although the specific regulating role of introduced ions is far from elucidated, as is true for many studies in such an interdisciplinary field, physical and chemical factors seem to influence the biological outcomes by affecting the microenvironment surrounding the biomaterials surfaces, such as variations in surface charges as above mentioned. Finally, advances in biomaterials have to be supported by material innovations and fundamental understanding of the crosstalk between artificial implants and human biological systems.
Biomedical polymers
Synthetic polymers are the most versatile class of biomaterials being extensively applied in surgical devices, artificial organs, and orthopaedic and vascular prostheses. Their synthetic flexibility makes it possible to develop polymers having a wide spectrum of properties with excellent reproducibility to meet particular requirements. However, the inadequate interaction between polymer and peri-implant hampers their application as bone substitutes. It is notable that plasma activation offers a green and convenient way to address this problem by altering surface properties, such as bioactivity and hydrophilicity or hydrophobicity. Compared with plasma polymerization, PIII&D can introduce both functional groups (-NH 2 , -OH and -COOH) and nutritious elements (most of them are metallic) into the polymeric Review. Modification of biomaterials by PIII&D T. Lu et al. 329 materials and form in situ-modified layers, which make PIII&D a more desirable method to modify surface properties while retaining the favourable bulk properties regardless of biostability or biodegradability of the polymer itself. In a recent study, Zhang et al. reported on the surface modification of polyvinyl chloride using O 2 and H 2 O implantation. The XPS analyses and Fourier transform infrared spectra showed that both processes could significantly enhance the O/C ratio and oxygencontaining functional groups on the surface, thereby increasing the surface hydrophilicity and surface energy of implanted samples [61] .
In another study, Wang et al. investigated the effects of H 2 O-PIII and NH 3 -PIII on the bioactivity of biodegradable polybutylene succinate (PBSu) surface. After implantation process, C-OH and C-NH 2 functional groups emerged from the PBSu surface, respectively. The results of biological tests demonstrated that both osteoblast compatibility and apatite formability are enhanced by either H 2 O-PIII-PBSu or NH 3 -PIII-PBSu, although H 2 O-PIII-PBSu is more effective in rendering PBSu suitable for bone-replacement implants [62] .
Studies on surface modification of polytetrafluoroethylene (PTFE) using O 2 PIII were further carried out by Wang and co-workers. In this case, they compared the biological efficacy of three sets of implantation parameters including long pulse, long frequency O 2 PIII (L-PTFE), conventional short pulse, low frequency O 2 PIII (S-PTFE) and O 2 plasma immersion (P-PTFE). Compared with the untreated PTFE, the modified samples, especially L-PTFE, exhibited less oxygen-containing, rougher and more hydrophobic surfaces, providing better osteoblast adhesion and differentiation. However, only L-PTFE could upregulate the osteocalcin expression of the seeded osteoblast, indicating this novel O 2 PIII treatment is better than conventional O 2 PIII and O 2 plasma immersion in the development of PTFE for bone or cartilage replacements [63] .
The series of examples mentioned above suggest that the PIII&D technique is of great advantage in surface modification of polymers, especially those which are resistant to chemical etching and thus difficult to be modified using chemical methods.
HAEMOCOMPATIBILITY OF PLASMA IMMERSION ION IMPLANTATION AND DEPOSITION-TREATED BIOMATERIALS
Referring to the commercial products of cardiovascular devices, such as artificial heart valves, rotary heart pumps and stents, the crucial requirement of biocompatibility is the bioinertness to blood. In other words, the implants must avoid the occurrence of thrombogenesis. In practice, the haemocompatibility of the devices is not adequate, and patients should continuously take anticoagulation medication after receiving implants. Hence, the development of a blood-contacting material with better blood compatibility is necessary. Diamond-like carbon (DLC) and Ti-O thin films were prepared using PIII&D technology for improving the haemocompatibility of implants in City University of Hong Kong and Southwest Jiaotong University, China [64] [65] [66] [67] [68] [69] [70] [71] [72] [73] [74] [75] [76] .
Diamond-like carbon thin films
DLC thin films have been widely studied and used for many industrial purposes in the past 20 years owing to their superior chemical, optical, electrical and tribological properties. Their particularly favourable attributes include low friction coefficient, high hardness and wear resistance [74, 75, 77] . Recent study shows that DLC-coated PEEK possesses better surface hardness and elastic modulus, which are much closer to cortical bones, indicating a possible way to alleviate osteanabrosis caused by stress shielding effects [78] . Another study shows that phosphorus-doped DLC thin films could even be used to produce patterned neuron networks, suggesting that DLC is a candidate coating material for implants in the human nervous system [79] . Commercially, DLC thin films have been used as the coating materials in many applications, for instance, shavers, cutting and drilling tools, protective coating for magnetic media, and optical lenses. In addition to their good tribological qualities, DLC thin films are well known for their biocompatibility and improved cell adhesion as well as for chemical inertness, which enhance their utility as a coating candidate for cardiovascular devices [80] . Different kinds of undoped and doped DLC thin films have been fabricated using PIII&D since the confirmation of its biocompatibility. In the fabrication process of DLC thin films, acetylene (C 2 H 2 ) gas is usually used to produce the carbon plasma for film deposition, whereas argon gas always is blended to enhance the cohesion between substrate and films. The dopants are introduced into the vacuum chamber simultaneously via thermal or electron induced evaporation. By using the PIII&D system with C 2 H 2 , amorphous H 2 -coated carbon films can be produced. For doped DLC film fabrication, however, a dopant source is added to the system to provide additional ions for film deposition. For instance, Sui & Cai [81] coated Ni-Ti shape memory alloys with un-doped DLC films. The platelet adhesion and protein adsorption tests showed that the coated sample exhibits positive consequence on haemocompatibility without sacrificing the superelasticity. They further investigated fluorine-doped DLC films and found that the corrosion resistance and hydrophobicity of modified samples are well improved, indicating a potential for anti-thrombogenicity [82] . Besides, calciumand phosphorus-doped DLC thin films have been successfully deposited on different substrates using PIII&D [64] [65] [66] [67] 76] . The results indicated that both the P-DLC and Ca-DLC films show smaller numbers of adhered and unactivated platelets than low temperature isotropic carbon (LTIC).
Titanium oxide thin films
Titanium oxide is widely used in optical and electrical applications because of its high refractive index and dielectric constant. It is also very attractive as a biocompatible protective coating on medical implants, where a protective surface layer of TiO 2 increases the wear resistance and corrosion resistance considerably, as mentioned in §3. Titanium oxide films used in artificial heart valves have also been synthesized using PIII&D technology [68] [69] [70] [71] [72] [73] . In vitro blood compatibility investigation indicates that the TiO 2 film has longer clotting time, lower haemolytic rate, less amounts of adherent platelets, less aggregation and less pseudopodium of the adherent platelets [73] . In vivo tests also demonstrate that the TiO 2 film has much better haemocompatibility than LTIC [68] . In order to improve the mechanical properties, Leng et al. [69] fabricated Ti-O/Ti-N duplex coatings on biomedical titanium alloys by metal plasma immersion ion implantation and reactive plasma nitriding/oxidation. The presence of Ti-O improves the blood compatibility, and the main effect of Ti-N is to improve the mechanical properties. Blood compatibility investigation reveals that the Ti-O/Ti-N duplex coatings are better than LTIC. Studies have shown that TiO 2 has good blood compatibility owing to the n-type semiconductivity with a wider band gap of 3.2 eV, low surface energy and low critical surface force. The good surface physical properties preclude fibrinogen from denaturation and consequently prevent the blood coagulation process [70] [71] [72] . The activation of fibrinogen on the solid surface can be correlated with the electrochemical reaction between the protein and material surface. It is postulated that the denaturing of fibrinogen is related to the charges of fibrinogen transferred to the material, as shown in figure 3 . During this process, fibrinogen decomposes and transforms into fibrinmonomer and fibrinopeptides, followed by cross-linking to form the irreversible thrombus [70] .
ANTIBACTERIAL ACTIVITY OF PLASMA IMMERSION ION IMPLANTATION AND DEPOSITION-TREATED BIOMATERIALS
Bacterial infection has been recognized as a serious problem during implant surgery, which may lead to implant failure, revision surgery and even member amputation, all associated with extremely high medical costs not to mention the pain and suffering of the patients [83] . Although antibiotics are still the main treatments for clinical infections, their widespread abuse has given rise to a breed of super bacteria that are resistant to common antibiotics, which is becoming more severe nowadays [84] . One exciting direction is to fabricate antibacterial biomaterials by incorporating broad-spectra bactericidal agents into surfaces or modifying surface physico-chemical properties to prevent bacterial growth or adhesion.
As well-known broad-spectra antimicrobial agents, silver (Ag) and copper (Cu) have been implanted into various materials surfaces using PIII&D to offer excellent antibacterial activities. Liu's group has recently prepared Ag nanoparticle-embedded Ti via single Ag PIII&D (Ag-PIII-Ti, as shown in figure 4 ) and proposed a new antibacterial mechanism for Ag-PIII-Ti [85] . It is believed that Ag and Ti will constitute one microgalvanic couple owing to the different potentials when immersed in an electrolyte solution. The cathodic reaction will form a proton-depleted region between bacterial membrane and titanium substrate, which probably disrupts the synthesis of adenosine triphosphate and leads to bacteria death. It is notable that proliferation of bacteria is inhibited on the Ag-PIII-Ti surface where that of osteoblasts is promoted. The inconsistent results are probably due to the larger size of human cells and the different synthetic and growth mechanisms between bacteria and human cells. Hence, this finding provides important clues on how to achieve specific biological responses to different species on the same surface. The schematic of this proposed mechanism is illustrated in figure 5 .
To study the antibacterial ability of polyethylene (PE) surfaces, Zhang et al. have conducted a series of Ag or Cu ion implantations. The initial studies demonstrated that either Ag-or Cu-implanted PE sample (Ag-PIII-PE or Cu-PIII-PE) could offer excellent instantaneous antibacterial activity due to the release of Ag ions or Cu ions [86] . Further studies found that various gases, including NH 3 , O 2 and N 2 , co-implanted with Cu into PE surfaces induced slower release of Cu ions and higher antibacterial activity compared to Cu-PIII-PE, indicating enhancement in long-term antibacterial performance [87] . Similar observation was also found for Ag/N 2 co-implanted sample [88] . Chemical state analyses showed that the gas plasma implantation led to dehydrogenation and produced unsaturated C¼O, C¼C2, 2C;N and 2C¼N bonds, which are believed to be capable of adjusting the release rate of Cu or Ag and have an appreciable effect on bacteria Review. Modification of biomaterials by PIII&D T. Lu et al. 331
killing. In particular, more 2C;N and 2C¼N bonds in Cu/N 2 co-PIII&D are the most effective in prolonging the antibacterial properties. The role of unsaturated bonds in offering antibacterial activity has been further confirmed by a more recent study, in which N 2 plasma-modified PBSu was reported to exhibit high antibacterial activity against both Staphylococcus aureus (S. aureus) and Escherichia coli, with antibacterial ratio as high as 91.41 per cent and 90.34 per cent, respectively [62] . In a separate study, Wang et al. have fabricated three thin a-C : H films (as shown in figure 6 ) with different (e) ( f ) ( g) ( h) 50 55 60 65 2q (deg) particle size (nm) particle size (nm) particle size (nm) 70 structures and chemical bonds on polyethylene terephthalate (PET) using C 2 H 2 PIII&D at varying working pressures (0.5, 1 and 2 Pa) [89] . The adhesion tests revealed similar bacterial adhesion efficiencies between S. aureus on the a-C : H film deposited at 0.5 Pa and Staphylococcus epidermidis on the film deposited at 1.0 Pa, which were about one-sixth of those bacteria on the untreated PET surface. The reduction of bacteria can be explained by the free energy of adhesion (DF adh ), which is positive for bacterial strains on the PET surfaces fabricated at 0.5 and 1.0 Pa (DF adh . 0), suggesting energetically unfavourable on these surfaces. Except the free energy theory, the author proposed that the bacterial adhesion on a-C : H films appeared to be also relevant to the structure of the film, and with decreasing sp 3 /sp 2 , the number of bacteria adhered on the carbon film diminishes. This is consistent with the research finding described in the previous paragraph.
A critical problem associated with biomaterials is that the improvement in antibacterial activity is always accompanied with compromised biocompatibility, which cannot satisfy the clinical needs. To solve this issue, more comprehensive studies and deeper understanding of biophysiochemical interactions at the implant -bio interface will be required to achieve distinct bacteria/eukaryotic cell responsive surfaces.
CONCLUSION AND FUTURE PERSPECTIVES
From the first appearance in the 1980s to now, PIII&D has become a popular physical technique suitable for surface modification of various materials. PIII&D can offer omnidirectional processing capability to tailor the surface properties of many biomaterials by introducing a myriad of different kinds of elements and functional groups into the materials. This study reviewed the development and recent progress for improvement of mechanical and biological properties of biomaterials (Ti, Ti alloys and biopolymers) by PIII&D method in China. Apart from the composition and physical and chemical properties, the nano-and microstructure of surfaces has been established as a key factor affecting a number of cellular responses, such as cell morphology, adhesion and differentiation. However, the creation of versatile nano-or microstructures cannot be achieved only by PIII&D technology. To ensure optimal performance of biomedical implants and to be compatible with the specific requirements of biological molecules, combination of PIII&D with other fabrication method may be required. Moreover, interdisciplinary approaches will be critical for designing biomaterial surfaces. Ultimately, advances in emerging biomedical applications with precisely controlled physical, chemical and biological properties remain a great opportunity for future research. 
